Three crystalline complexes were newly described in the area of the junction between the Mongolian Altay and Gobi Altay in the surroundings of Chandman Sum, SW Mongolia. Khan Khayrkhan, Chandman Khayrkhan and Unegt Uul crystalline complexes were distinguished on the basis of their geological position, distinct petrography, metamorphic style and contrasting geochronological data. These units are situated along the northern margin of the Gobi-Altay Terrane and at first sight seem to have a very simple and uniform history. However, detailed studies reveal a more complex and varied evolution. The Unegt Uul Crystalline Complex is a tectonic mélange of leucogranites, amphibolites and mica schists exposed between the branch of the Bogd fault in the north and Lower Palaeozoic sediments in the south. Metamorphic rocks suffered a prograde metamorphic event reaching temperatures of c. 650 °C and pressures of 6-7.5 kbar estimated from amphibolites. This Complex represents the oldest of the three units; the age of leucogranite formation corresponds to Cambrian (518 ± 5 Ma). Chandman Khayrkhan Crystalline Complex is also restricted by Bogd fault from the north but southern boundary is limited by an intrusive contact with the Chandman Massif. It is composed of orthogneisses and migmatites with amphibolite and calc-silicate lenses. The Complex was affected by a HT, likely periplutonic, metamorphic event and subsequent retrogression. While the rocks of the Chandman Khayrkhan Crystalline Complex remain undated, the age of the granitic rocks in the Chandman Massif itself are Early Carboniferous (345 ± 2 Ma). The Khan Khayrkhan Crystalline Complex has tectonic contacts with the surrounding Palaeozoic volcanosedimentary units. It is built by orthogneisses, amphibolites, paragneisses and mica schists. Metamorphic style corresponds to a prograde event with peak at c. 670 °C and 7-10 kbar. The crystallization age for the granitic protolith to the orthogneisses was the latest Devonian (363 ± 3 Ma).
Introduction
Generally speaking, there is lack of data on conditions and timing of metamorphism in Mongolia and the SW part of the country is no exception. In contrast, numerous works have been concerned with Cenozoic faults (e.g. Molnar and Tapponnier 1975; Bayasgalan et al. 1999; Cunningham et al. 2003; Vassallo et al. 2007 ) as well as Palaeozoic (Dergunov 2001 for review) or Mesozoic (e. g. Yarmolyuk and Kovalenko 2001) volcanosedimentary complexes. Geochronological data and tectonostratigraphic reconstructions have been assembled recently for the region of south-western Mongolia (Kepezhinskas et al. 1991; Badarch and Tomurtogoo 2001; Badarch et al. 2002; Buchan et al. 2002; Khain et al. 2002 Khain et al. , 2003 Kovach et al. 2005; Kozakov et al. 2005; Helo et al. 2006) .
Traditionally, the territory of Mongolia has been subdivided into northern and southern domains, which are separated by the so-called Main Mongolian lineament -a regional topographic and structural boundary dividing mostly Precambrian and Lower Palaeozoic rocks in the north from dominantly Middle-Upper Palaeozoic units in the south (Marinov et al. 1973; Badarch et al. 2002) . The studied area is situated right along this boundary, which separates here the two different structural zones, the Lake Zone in the north and the Gobi Altay Zone in the south (Rauzer et al. 1987) . The Lake Terrane represents, according to Badarch et al. (2002) a former island arc and Gobi Altay Terrane is interpreted as a backarc/forearc basin.
Metamorphic domains are insufficiently known in the Mongolian and Gobi Altay mountain ranges. New metamorphic complexes were described during the geological survey of Zamtyn Nuruu area (Hanžl and Aichler 2007 ; see Introduction to this Volume), where the south-eastern Mongolian Altay and eastern Gobi-Altay ranges merge south of the Bogd fault in the Gichigeney Nuruu and Bayan Tsagaan Mts. These Unegt Uul (UUC), Chandman Khayrkhan (CHC) and Khan Khayrkhan (KKC) crystalline complexes recorded medium-to high-temperature and medium-pressure conditions. This paper brings first petrologic and P-T data from the metamorphic rocks in the western part of the Gobi-Altay Terrane, complemented by geochemical and isotopic analyses as well as U-Pb zircon and monazite dating.
Geological setting
The studied region is situated in the SW Mongolia, approximately 740 km SW of Ulaanbaatar at the junction of south-eastern Mongolian Altay (Gichigeney Nuruu range) with eastern Gobi Altay (eastern Bayan Tsagaan range represented by Unegt Uul and Chandman Uul).
Geologically, Mongolia is built by a number of tectonic zones that form the part of the extensive Central Asian Orogenic Belt -CAOB (Mossakovsky et al. 1994) known also as Altaids (Sengör et al. 1993) . This belt has developed between the Siberian Block in the north, the Tarim Block in the south-west and the Sino-Korean Block in the south. It is characterized by an accretion of various terranes of different origin (Sengör et al. 1993; Windley et al. 2002; Jahn et al. 2004 ) and evolved during time span of 1000-250 Ma ). Nevertheless, the tectonic evolution of the CAOB in north-eastern Mongolia culminated during the closure of the Mongolian-Okhotsk marine basin in Early Jurassic times (Yarmolyuk and Kovalenko 2001) .
The studied area is a part of the Gobi-Altay domain of the Altay orogen extending eastward from Russia and eastern Kazakhstan, through the northern China to southwestern Mongolia. The Gobi-Altay Terrane most likely represents the south-western continental margin of the Siberian Plate (Xiao et al. 1992 ). According to Badarch et al. (2002) , it forms a long narrow belt rimming the northern margin of the southern domain of Mongolia. It is composed of Cambrian (?) marine sediments and volcanoclastic rocks metamorphosed under greenschist-facies conditions accompanied by Palaeozoic sediments, with volcanic and volcanoclastic rocks of a forearc/backarc character. The sequence was intruded mainly by Carboniferous to Permian granite plutons.
Three metamorphic units were recognized in the eastern part of the Gobi-Altay Terrane in a form of tectonic slices inside the Palaeozoic sediments and volcanoclastic rocks. The Chandman Khayrkhan and Unegt Uul crystalline complexes are exposed in the easternmost range of the Bayan Tsagaan Mts. and the Khan Khayrkhan Crystalline Complex on the NE slopes of the Gichigeney Nuruu Mts. (Fig. 1 ).
unegt uul Crystalline Complex (uuC)
The exposures of UUC are restricted to a narrow belt in the Unegt Uul range lying directly in the tectonic mé-lange of the Bogd fault zone (Hanžl and Aichler 2007) (Fig. 2) . The E-W trending branches of the master fault separate crystalline rocks and Permian volcanic rocks in the north from the Lower Palaeozoic marine sediments with limestone layers in the south. The rocks of UUC are represented mainly by deformed and metamorphosed biotite granites to leucogranites, aplitic granites and pegmatites. Gneisses, mica schists and amphibolites represent roof pendants of the granitic intrusions. Lenses of gabbros, ultramafic rocks, amphibolites and undifferentiated sediments are parts of a tectonic mélange in the eastern part of the belt.
Structural characteristics of the Unegt Uul Crystalline Complex reflect large-scale tectonic processes of brittle character. The E-W oriented fragmental faults of the Bogd fault system are the most distinct features. Faults are commonly accompanied by tens to a few hundred meters wide mylonitic zones of anastomozing character. Furthermore, E-W elongated Unegt Uul Crystalline Complex is transversely segmented by several NW-SE trending faults. Ductile fabrics are represented by foliation and lineation in gneisses and amphibolites preserved as roof pendants to cataclastic granites. Subvertical tight folds with E-W trending axes are rare. Foliations are NW-SE trending with dips varying from 30-65° to NE or SW. Lineations have a crenulation character in mica schists and plunge to SE under 20-40° and are subparallel with fold axes.
Chandman Khayrkhan Crystalline Complex (CHC)
The CHC is situated in an E-W trending belt between the Chandman Sum and Khutag Nuur lake (Figs 1-2) . It is exposed in tectonic blocks lining the Bogd fault from the S in the area of the Chandman Khayrkhan Uul and one of its branches north of Khutag Nuur. The northern border of CHC is formed by the scarp of the Chandman rupture (Baljinnyam et al. 1993 ) of the Bogd fault. Boudins of limestones and sediments of the Lower Palaeozoic formations exposed there emphasize the fault line. The metamorphic complex is limited in the SW by intrusive rocks of the Chandman Massif; the southern continuation is covered by Quaternary sediments.
Migmatites, gneisses and orthogneiss of granitic to granodioritic composition alternate in WNW-ESE oriented irregular stripes and lenses. Amphibolite and calcsilicate lenses are rare. Rocks are penetrated by numerous thin dykes of aplites and pegmatites (Buriánek et al. in press) . The conspicuous NWN-ESE trending foliation is moderately to steeply dipping to the south. The foliation planes bear metamorphic lineations plunging variably to NW or SE. Towards the SW, the degree of deformation in orthogneisses decreases; rocks acquire an appearance of metagranitoids and pass gradually into granitic rocks of the Chandman Massif. Granitoids of the Chandman Massif intruded the high-grade metamorphic rocks and both units were subsequently jointly deformed. Therefore the CHC represents wall rocks to the intrusion, which fact is reflected by a number of (deformed) pegmatite dykes pertaining to Chandman Massif penetrating the CHC.
Khan Khayrkhan Crystalline Complex (KKC)
The KKC is exposed as narrow, NW-SE trending tectonic slice along the NE slopes of the Gichigeney Nuruu range; the most extensive exposures are in the area of Khan Khayrkhan Uul (NW part of the Gichigeney Nuruu). The north-eastern as well as south-western boundary of this unit are formed by steep faults (Fig. 3) . Carboniferous turbidites crop out in the SW, slightly metamorphosed volcanoclastic sediments of supposed Cambrian age (Rauzer et al. 1987 ) occur in the NE. A small tectonic slice of the KKC mapped in the area of the Darkhan Uul at the southeastern termination of the mountain range is exposed between the Carboniferous turbidites and Devonian limestones. The KKC is characterised by varying lithologies. Fine-grained gneisses alternating with amphibolites occur on the NE slopes of the Khan Khayrkhan Uul. They are accompanied by intercalations of crystalline limestones and lenses of garnet-staurolite mica schists in the E part. The mountain range itself is built by fine-to mediumgrained two-mica orthogneisses. The contact between orthogneisses and amphibolites is concordant.
Structures are characterized by a dominant foliation, which is NW-SE striking and steeply dipping to NE and SW. It corresponds to folding by large steep and tight folds confirmed by geological mapping (Hanžl and Aichler 2007) . Linear structural elements -fold axes as well as lineations -are subhorizontal with prevailing WNW-ESE orientation.
The recrystallized limestones of the KKC contain also relics of fossil material. However, the fossils are poorly preserved and their determination may be problematic. Still, Middle to Late Ordovician age may be with certain doubts supposed for the belt of strongly re-crystallised carbonates forming rock cliffs at the summit of the Khan Khayrkhan Uul. The age is based on the rare remains of the questionable Pluricollumnalia (crinoid possessing a rather Ordovician character but indeterminable because of fairly high degree of metamorphic overprint -determination made by R. Prokop from National Museum, Prague). Nevertheless, strongly recrystallized limestones to marbles locally contain perceptible but entirely indeterminable echinoderms -possibly crinoid debris. From the residuum after maceration (tectonically confined outcrop of limestones with cherts), questionable sponge spicules were found but their poor preservation prohibited an exact determination (Hanžl and Aichler 2007) .
Analytical techniques
Electron microprobe analyses were performed in the Joint Laboratory of Electron Microscopy and Microanalysis of the Masaryk University and the Czech Geological Survey (Brno) on the Cameca SX-50 instrument. Operating conditions were 15 kV accelerating voltage, and beam current of 80 nA. The obtained data were processed using Thermocalc software (version 3.21; Powell and Holland, 1985; Holland and Powell, 1985; 1998; update February 2002) to calculate the P-T conditions and to reconstruct the metamorphic evolution of studied samples. Conventional thermometers (Thompson 1976; Lee and Holdaway 1977; Ferry and Spear 1978; Perchuk and Lavrenťeva 1983; Bhattacharya et al.1992; Ravna 2000) were also used for comparison.
Microprobe analyses for chemical Th-U-total Pb dating (CHIME) were carried out also in the Joint Laboratory of Electron Microscopy and Microanalysis in Brno. Operating conditions were 15 kV accelerating voltage, beam current 80 nA and a beam diameter of <1 µm for monazite and 5-10 µm for monazite alteration products. The monazite age was calculated using a method of Montel et al. (1996) .
Isotope analyses for LA-ICP-MS (Laser Ablation-Inductive Coupled Plasma-Mass Spectrometry) U-Th-Pb dating of zircon and monazite were performed at the Institute of Geosciences, Goethe University Frankfurt, using a Thermo-Scientific Element II sector field ICP-MS coupled to a New Wave UP213 ultraviolet laser system (Gerdes and Zeh 2006, 2008) . Laser spot-size varied from 20 to 40 µm and spot-selection was guided by internal structures as seen in cathodoluminescence (CL) images of the mounted and polished grains. Data were acquired in peak jumping mode over 900 mass scans during 20s background measurements followed by 30s sample ablation. A teardrop-shaped, low volume laser cell was used to enable precise detection of heterogeneous material during time resolved data acquisition. Raw data were corrected for background signal, common Pb, laser induced elemental fractionation, instrumental mass discrimination, and time-dependant elemental fractionation of Pb/Th and Pb/U using an Excel spreadsheet.
For the Sr and Nd isotopic study, the samples were dissolved using a combined HF-HCl-HNO 3 attack. Strontium was isolated by exchange chromatography techniques on PP columns with Sr.spec Eichrom resin and bulk REE were isolated on PP columns filled with TRU. spec Eichrom resin (Pin et al. 1994) . The Nd was further separated on PP columns with Ln.spec Eichrom resin (Pin and Zalduegui 1997) . Details of the procedure were published by Míková and Denková (2007 Samples representing main lithological types at least 2-4 kg in weight were used for whole-rock geochemical analyses. Major and trace elements were determined at ACME laboratories, Canada. Total abundances of the major oxides were analysed by ICP-emission spectrometry following a lithium metaborate/tetraborate fusion and dilute nitric digestion. Loss on ignition (LOI) is the weight difference after ignition at 1000 °C. The rare earth and most remaining trace elements were analysed by INAA and ICP-MS following a LiBO 2 fusion; precious and base metals by aqua regia digestion/ICP-MS.
Petrography

unegt uul Crystalline Complex
Fine-grained biotite granites to leucogranites with muscovite and igneous garnet are accompanied by dykes/bodies of aplites and pegmatites and occupy much of the UUC. They are exposed as an E-W elongated body with length c. 10 km no more than 1 km wide. Rocks are often deformed and cataclased, which is evident from brittle deformation of feldspar grains and strong undulatory extinction of quartz. Gneisses, mica schists and amphibolites form metamorphic wall rocks of granites. They occur as xenoliths in granitoid rocks as well as lenses and belts lining the northern margin of the granite body. The thickness of the individual septa shows a considerable variation but usually does not exceed a few tens of metres.
Fine-grained amphibolites with lenses of metagabbros and serpentinites often occur along, or within, the metagranite body. They are exposed in the northern foothill of the principal part of the Unegt Uul ridge and in the lock of the Khoid Ulaan Sair Valley. Amphibolites are commonly dark to black-green, fine-grained rocks, which alternate with greenish-grey amphibole-biotitic gneisses. The amphibolites exhibit lepidonematoblastic and nematogranoblastic texture and schistose or banded structure. They are composed of plagioclase, hornblende, quartz, biotite ± K-feldspar ± garnet. These minerals are often replaced by sericite, chlorite, epidote and iron oxides in altered domains. Apatite, titanite and opaque minerals are accessoric.
Plagioclase from amphibolites shows wide compositional variation from andesine to bytownite (An 34-81 ); plagioclases included in amphibole have an exclusively bytownite composition (An 71 ). On the other end of this spectrum, albites (An 8 ) are also present in some cases. Garnets from amphibolites ( Fig. 4a-b (Fig. 4d) . The lenses of medium-to coarse-grained gabbro are confined to amphibolite bodies. These gabbroic rocks are composed of andesine to labradorite, hornblende, biotite, opaque minerals, titanite, epidote and accessoric zircon. Lenses of metagabbros and serpentinites form a part of tectonic mélange and their relationships to metamorphic rocks and granites remain unclear.
Mica schists are lepidoblastic, medium-grained, crenulated rocks. The mineral assemblage of the studied sample includes quartz, plagioclase, muscovite ± biotite ± garnet. Modal composition of gneisses is rather similar, and the two rock types differ mainly in textural characteristics and presence of K-feldspar in the gneisses. The gneisses consist of quartz, orthoclase, plagioclase, biotite, muscovite and garnet. Petrographic types with amphibole are also present. The common accessories are represented by zircon, apatite and opaque minerals. Garnets from the mica schist and gneisses are chemically relatively homogenous, in both of the rock types Alm component predominates (Alm 64-79 Grs 1-9 Sps 3-29 Prp 4-12 ) ( Fig. 4a-b) . In contrast to garnets from amphibolites of the UUC, garnets from mica schists show weak rimward increase in Sps and slight decrease in Prp components ( The migmatized gneisses are relatively rare; they show usually banded structure comprising light brown biotiterich streaks alternating with light grey bands dominated by the quartz-feldspathic groundmass of quartz-plagioclase-K-feldspar composition. In addition, the quartzofeldspathic bands contain garnet and sillimanite.
Chandman Khayrkhan Crystalline Complex
The CHC is built by orthogneiss, gneiss, migmatite and amphibolite with calc-silicate lenses. Orthogneisses forming bodies in migmatites mainly on the SE slopes of the Chandman Khayrkhan Uul and north of Khutag Nuur are deformed apophyses of the Variscan Chandman Massif (Economos et al. in print). They are medium-grained rocks, having granodioritic to granitic composition, with granoblastic, locally porphyroblastic texture. The fine-grained varieties form boudined dykes and small lenticular bodies in migmatites and granites on the SE slopes of the Chandman Khayrkhan Uul. The rocks have granular texture that gives a massive impression. Locally they are garnet bearing and, in some cases, the K-feldspar crystals can reach 1 mm in size. The transition from orthogneisses to metagranites is marked by the occurrence of red porphyritic metagranite, metagranodiorite to metadiorite, which are all present as bodies or boudins with ill-defined contacts against surrounding metagranodiorite and metadiorite. Red porphyritic metagranites are fine-to medium-grained rocks with plagioclase and biotite phenocrysts. The groundmass is equigranular and consists of plagioclase (30-40 vol. %), K-feldspar (20-30 %), quartz (15-20 %) and biotite (10-15 %). Plagioclase is subhedral and only locally displays growth zoning. Subhedral to anhedral K-feldspar and quartz are partly recrystallized. Accessory minerals include white mica, epidote, apatite and zircon. Biotite has been locally partially altered to chlorite and secondary epidote.
The metagranitoids are surrounded by biotite migmatite and pearl gneiss with anatectic textures, whereas the migmatites represent the thermal aureole of the intrusion. Pearl gneisses occurring particularly in the N correspond to the deformed migmatites. The rocks are generally medium-to coarse-grained. Plagioclases are often present as porphyroblasts. The metasediments contain layers of locally migmatitized amphibolites up to several dm thick and consisting mainly of hornblende and plagioclase with minor quartz, biotite, epidote and titanite.
The feldspar-bearing pearl gneiss is typically strongly migmatitic and passes through the nebulitic and schlieren structure to truly anatectic rocks. Pearl gneisses consist of common biotite, plagioclase and quartz. Sometimes there are present muscovite, sillimanite and garnet ( Fig. 4a-b) . The garnet (Alm 51-54 Sps 30-36 Prp 11-14 Grs 0-3 Adr 0-3 ) shows a simple retrograde zoning characterised by concomitantly decreasing Prp and increasing Sps contents from core to rim. The Grs component shows a homogenous distribution throughout the garnet grains. Tourmaline is present as subhedral crystals (up to 1 cm across) at the boundary between melanosome and leucosome. Tourmalines are relatively homogeneous, sometimes with irregular zoning (Mg-rich cores). Biotite corresponds to phlogopite according to the Guidotti's classification (1984) (X Fe = 0.40-0.42, Al IV = 2.46-2.58 apfu - Fig. 4c ). As accessoric minerals are present apatite and hematite. Migmatites also contain layers of calc-silicate rock up to 30 cm thick. On the eastern slope of the Chandman Khayrkhan Uul, there are exposed the largest bodies of biotite-amphibole gneiss to amphibolite with metagabbro and calc-silicate lenses. They form enclaves or layers (from several cm to 1 km long) surrounded by migmatites or metaigneous rocks. The calc-silicate rocks, amphibolites and mafic gneisses show evidence of primary volcano-sedimentary origin. Medium-to fine-grained, commonly banded, granoblastic, nematoblastic or poikiloblastic rocks have varied contents of amphibole (30 to 70 vol. %). A retrograde metamorphic event is indicated by the amphibole composition. Minor biotite, ore minerals and titanite are locally present.
The metagabbro exposed in lenses is dark-grey to black, non-foliated, and very coarse-grained rock.
Calc-silicate rocks are a rare type forming small lenses (up to 10 metres) in amphibolites. They consist mainly of garnet and pyroxene accompanied by interstitial quartz and plagioclase. Amphibole and epidote are present in a calc-silicate layer embedded in the amphibolite. Their mineral composition documents retrogression. Amphiboles are replaced by younger actinolite and ferroactinolite (Fig. 4d ) or overgrown by epidote (Ps 23-29 ), which sometimes forms independent, isometric grains. Calc-silicates also contain calcic plagioclase (An 89-93 ), quartz and secondary chlorite.
In the northernmost part of the unit along the Bogd fault occurs a belt of porphyritic biotite gneisses. They are dark grey rocks composed of plagioclase, biotite, quartz and sometimes K-feldspar or muscovite. Characteristic are deformed porphyroblasts of light feldspar up to 5 mm in size. The quartz-plagioclase ribbons, which rarely occur along foliation planes, indicate a local anatexis.
Khan Khayrkhan Crystalline Complex
The main rock types of the KKC are various ortho-and paragneisses. Most widespread are fine-grained orthogneisses exposed on the southern slope of the Khangiin Khar Uul and northern slope of the Khan Khayrkhan Uul. Gneisses alternate with amphibolite layers and common marble intercalations enclosing calc-silicate lenses. Some of the gneisses contain amphibole and pass into amphibole gneisses, usually associated with exposures of amphibolite. They are locally strongly deformed, become cataclastic to mylonitized with mortar structures. Two-mica orthogneisses crop out on the southern slope of the Khan Khayrkhan mountain range. These orthogneisses are medium-grained, pink-grey rocks with augen structure. They consist of quartz, orthoclase, microcline, plagioclase of albite-oligoclase composition together with muscovite and biotite. Locally occur also garnet-sillimanite varieties. A layer of orthogneiss with 1-3 cm large nests containing muscovite pseudomorphs after sillimanite was also found.
The metabasic rocks include a number of different members -amphibole gneisses, amphibolite, metabasalts and metadiorites to metagabbros. The amphibole gneisses are banded, fine-to very fine-grained rocks of lepidogranoblastic textures, often with garnet porphyroblasts reaching a maximum size of several centimetres. The amphibolites are fine-grained rocks with lepidogranoblastic textures. They contain garnet porphyroblasts up to several cm across. Fine-grained matrix is composed of quartz, plagioclase, amphibole and biotite. Ilmenite, haematite and titanite are common accessories; zircon is scarce. The main ferromagnesian minerals are partly replaced by actinolite, chlorite, epidote and iron oxides. Amphibole has mostly ferrotschermakite composition (Leake et al. 1997 ) with X Mg = 0.41-0.46 (Fig. 4d) .
Garnet grains from amphibolite ( Fig. 4a-b ) dominated by almandine component (Alm 60-66 Sps 7-12 Prp 11-14 Grs 12-16 Adr 1-2 ) involve a moderate decrease in Alm component towards the rims. Relatively homogenous distribution of the Prp component shows a slight increase in the marginal parts and negligible increase in one of the internal zones. Nearly inverse pattern is shown by the Grs distribution (Fig. 6a) . Plagioclases from amphibolites have andesine to labradorite compositions (An 41-58 ).
Garnet-staurolite mica schists crop out in a several tens of meters thick layer NW of the Tsakhir Bulagiin Uul. They exhibit granolepidoblastic to lepidoblastic texture and consist of fine-to very fine-grained matrix composed of a sericite-chlorite-biotite mixture; small grains of quartz, zoisite, and plagioclase are less common. Garnet and/or staurolite porphyroblasts, several cm across, float in the matrix. Kyanite porphyroblasts are also rarely present. Garnet porphyroblasts dominated by the almandine component contain linear trails of small quartz grains, aligned parallel to the foliation and documenting the late to post-deformational garnet growth. Garnet (Alm 67-73 Sps 0-9 Prp 7-14 Grs 8-13 Adr 2-3 ) (Fig. 4a-b ) from the mica schist has zoning typical of a single-stage growth (e. g. Tracy 1982), with distinctive rimward increases in Alm and Prp compensated by antithetic deceases in Grs and Sps components (Fig. 6b) . Biotite has nearly the same composition in both the studied rock types (mica schist and amphibolite): X Fe = 0.39-0.52, Al IV = 2.49-2.66 (Fig. 4c) Columnar crystals of staurolite, in some cases up to first cm in size, are intergrown by a large number of opaque minerals. In places they are strongly affected by retrogression, and often decomposed to biotite or mixture of quartz, biotite and iron oxides. They are also compositionally uniform (X Fe = 0.86-0.89).
Plagioclase from mica schists has oligoclase composition (An 26-29 ) in one of the studied samples, and much more basic (andesine to bytownite, An 34-81 ) in the second one. The latter was sampled in close spatial relation with an amphibolite layer and such a high basicity of plagioclase likely reflects a preservation of primary composition of plagioclase from a tuffitic source. In some cases the plagioclases may show slight reverse zoning, whereby the core is more sodic than the marginal parts, and corresponds to the andesine (An 37 ).
Whole-rock geochemistry
The newly obtained whole-rock geochemical data from orthogneisses (metagranites) and amphibolites of the KKC and UUC are presented in Tables 1 and 2 Metagranites of the Unegt Uul Crystalline Complex (Fig. 7a) usually show high to very high Ba contents (47-1002 ppm) and variable Rb/Sr ratios (0.1-6.1). The SiO 2 abundances range between 70 and 75 wt. %, A/CNK = 1.06-1.23 (Fig. 7b) , potassium abundance is high (K 2 O = 3.8-4.8 wt. %; Fig. 7c ) and the total REE contents are very variable (62-329 ppm). Chondrite-normalised (Boynton 1984) REE patterns show slight LREE enrichment (La N /Sm N = 2.7-4.3), flat HREE (Gd N /Yb N = 1.1-1.2) and moderate to deep negative Eu anomalies (Eu/Eu* = 0.33-0.61) (Fig. 7e) . They fit the field of syncollisional, within plate and volcanic arc associations in the Rb vs. Ta + Yb diagram of Pearce (1984) (Fig. 7d) .
Amphibolites of the Unegt Uul Crystalline Complex are tholeiitic with SiO 2 = 48.6-51.1 wt. % and K 2 O/Na 2 O = 0.1-1.0. Amphibolites correspond to MORB in geotectonic discrimination diagram of Meschede (1986) (Fig. 8b) . Compared to N-MORB (Sun and McDonough 1989) , the amphibolites are somewhat enriched in lithophile elements (Fig. 8a) . Still, the REE contents are very low (34-43 ppm) and chondrite-normalized REE patterns flat as demonstrated by low LREE/HREE and LREE/MREE ratios (La N /Yb N = 1.4, La N /Sm N = 1.0-1.2; Fig. 8c ).
Exact age of the gabbro sample (D0873), which comes from a tectonic mélange, is not at all clear. Fortunately the age-corrected Nd isotopic composition does not vary greatly with time and thus it in any case demonstrates a large proportion of the crustal material (ε 9 Nd 00 = -4.0), precluding direct derivation from the Earth's mantle.
Granitic orthogneisses of the Khan Khayrkhan Crystalline Complex are medium-K calc-alkaline, slightly metaluminous to peraluminous rocks (A/CNK = 0.9-1.3; K 2 O/Na 2 O = 0.4-1.2). Trace-element signatures of the metagranitic rocks indicate a volcanic-arc character sensu Pearce et al (1984) . Chondrite-normalised patterns show well fractionated LREE and flat trend for the HREE (La N /Yb N = 6.5-11.5, La N /Sm N = 3.89-6.43). The Eu anomaly is variably negative to negligible (Eu/Eu* = 0.5-1.0). (Fig. 7a-d, f) Amphibolites from the Khan Khayrkhan Crystalline Complex are tholeiitic to calc-alkaline with SiO 2 = 43.1-47.8 wt. % and very variable K 2 O/Na 2 O ratios (K 2 O/Na 2 O = 0.05-1.80). Chondrite-normalized REE patterns show a fair fractionation as demonstrated by LREE/HREE and LREE/MREE ratios (La N /Yb N = 3.0-6.4, La N /Sm N = 1.6-2.7). They are strongly enriched in lithophile and weakly in HFS elements compared with N-MORB (Sun and McDonough 1989) (Fig. 8b) . Amphibolite samples fit into fields of within-plate basalt in the discrimination diagram of Meschede (1986) (Fig. 8a) .
The trace-element composition of the amphibolite H0477 resembles EMORB (Fig. 8a-b) . Accordingly, the Sr-Nd isotopic signature is primitive, in line with its likely derivation from a moderately depleted mantle source in Cambrian times (ε 
Metamorphic conditions
unegt uul Crystalline Complex
Three samples from the UUC have been studied to estimate metamorphic conditions of the unit: a mica schist Tab. 1 Whole-rock analyses (major elements in wt. %, trace elements in ppm) for acid rocks from the eastern Mongolian Altay. representing a roof pendant to the Unegt Uul metagranite and two amphibolites, which are likely tectonic fragments incorporated into the UUC by the activity of the Bogt fault. The P-T conditions were calculated for marginal parts of the mineral grains, which seem to be well equilibrated. Additionally, wherever possible, independent estimates were obtained for central parts of garnet grains taking the included minerals into account. The aim was to estimate P-T conditions for the early and late stages of metamorphism.
The amphibolites are represented by two garnetbearing samples H0256 and H0159. The sample H0256 consists of amphibole, garnet, plagioclase and biotite; titanite and opaque minerals are accessoric. Amphibole corresponding to ferrotschermakite (Leake et al. 1997) has X Mg = 0.24 in the centres of the crystals and slightly higher X Mg = 0.25 in the marginal parts. Garnet grains show zoning from Alm 61 Sps 3 Prp 3 Grs 31 in cores to Alm 61 Sps 0.5 Prp 2-3 Grs 34 at the rims (Fig. 5a ). Plagioclase has labradorite composition (60) (61) (62) (Fig. 5b) . Plagioclases are labradorite (53) (54) ). Amphiboles correspond to ferrotschermakite with X Mg = 0.39.
The metamorphic conditions calculated using Thermocalc from amphibolites suggest a prograde growth at progressively increasing temperature, the central parts together with included grains giving T = 613 ± 90 °C; P = 6.4 ± 1.1. Marginal parts yield conditions of 761 ± 79 °C; 6.2 ± 1.4 kbar, 753 ± 87 °C; 6.4 ± 1.6 kbar and T = 655 ± 46 °C and P = 7.5 ± 0.9 kbar (Tab. 3, Figs 9a, 10).
The conventional garnet-amphibole thermometer of Ravna (2000), also used for estimating the metamorphic conditions, shows slightly lower temperatures then Thermocalc calculations. The temperatures calculated for the rims in the sample H0256 yield values of 753 and 687 °C. The temperatures calculated for the sample H0159 from the central parts of mineral grains correspond to 490-554 °C, for marginal parts to 561 °C (Tab. 5).
The mica schists are represented by the sample H0161. Its mineral association comprises quartz, muscovite, biotite, garnet and plagioclase; zircon and apatite are accessoric. The garnet zoning ranges between Alm 67-69 Sps 20 Prp 6 Grs 3-6 in the cores and Alm 66 Sps 25 Prp 5 Grs 2 in the rims (Fig. 5c) . In contrast to the garnet grains in the amphibolites of the same unit, they show more retrograde character documented by rimward increase in Sps and decrease in Prp components. Plagioclases show also slightly different character in centres of the grains, where they have An 28 . The marginal parts of plagioclases correspond to An 24 .
The P-T estimates computed from mica schist seem to be relatively constant for the central and marginal parts of the mineral grains, which suggests a likely faster mineral growth at T ranging from 639 ± 30 to 657 ± 33 °C and P from 6 ± 1.2 to 6.7 ± 1.2 kbar (Tab. 3, Figs 9a, 10) .
For the comparison, the garnet-biotite thermometers were also used for calculating temperatures in mica schists. Five different thermometers were employed (Thompson 1976; Lee and Holdaway 1977; Ferry and Spear 1978; Perchuk and Lavrenťeva 1983; Bhattacharya et al. 1992) . The results differ in order of tens of degrees, as summarized in Tab. 4.
The temperatures in mica schists at 6 kbar reach 516-622 °C in marginal parts of the garnet grains and span 508-665 °C in the cores. These are in agreement with Thermocalc results, showing no significant temperature differences between cores and rims.
Chandman Khayrkhan Crystalline Complex
The widespread migmatitization probably bears witness to peak metamorphic conditions. The migmatitization may be related to the pre-intrusive metamorphic event or it may be a result of periplutonic metamorphism linked with the high-T regime during granite emplacement of the Chandman Massif.
Subsequently the rocks of the CHC were strongly affected by a younger retrograde metamorphic event.
Mineral assemblage in the calc-silicate rocks (Ep + Act + Pl) is probably a product of retrograde metamorphism under the lower amphibolite to greenschist-facies conditions (< 600 ºC for 5 kbar -Thompson and Norton 1968). Mineral assemblage observed in the studied rocks however precludes a more accurate P-T calculation.
Khan Khayrkhan Crystalline Complex
Metamorphism in the Khan Khayrkhan Crystalline Complex was studied on samples of mica schists and garnetbearing amphibolites.
Mica schists are represented by samples H0478 and H0477. Sample H0478 comprises mineral assemblage Grt + Bt + St + Pl. Garnet zoning (Fig. 6a) Alumosilicate kyanite is present in comparable mica schist samples which, unfortunately, were not analysed.
Sample H0477 has mineral assemblage Mu + Bt + St + Pl. Plagioclase is oligoclase with An 24-27 , X Fe in staurolite is 0.86-0.89; biotites have Al IV = 2.42-2.46 and X Fe = 0.46-0.50. Thermocalc P-T calculations for the samples of mica schists yielded conditions varying from c. 559 ± 33 to 651 ± 47 °C and from 7.2 ± 2.9 to 7.4 ± 1.6 kbar for the central parts of garnet porphyroblasts and from 636 ± 47 °C to 639 ± 22 °C and from 7.5 ± 0.8 to 7.9 ± 1.5 kbar for the rims. The peak metamorphic assemblage was Bt + Ms + Grt ± St ± Ky. However, these P-T conditions seem to be rather high for mentioned mineral assemblage. Similar conditions were obtained also using garnet-biotite thermometer, which yielded temperatures from 654 to 715 °C for the rims of mineral grains, setting P = 6 kbar (Tab. 4).
Amphibolite samples H0357 and H0478B were also used for P-T calculations. Mineral association of H0357 includes ferrotschermakite (X Mg =0.42-0.49), biotite (Al IV = 2.52-0.60 and X Fe =0.43-0.55), garnet (with compositional zoning from Alm 65 Sps 8 Prp 10 Grs 15 in cores to Alm 64 Sps 7 Prp 12 Grs 15 at the rims) and labradorite (An 52-65 ).
Tab. 3 Results of P-T calculations using Thermocalc. The results falling outside the sigfit limit are shown in grey. Tab. 4 Results of P-T calculations using garnet-biotite thermometers according to Thompson (1976) , Lee and Holdaway (1977) , Ferry and Spear (1978) , Perchuk and Lavrenťeva (1983) and Bhattacharya et al. (1992) . Mineral assemblage of the sample H0478B is fairly similar and involves garnet, amphibole and plagioclase. Garnet zoning varies from Alm 73 Sps 3 Prp 9 Grs 10 in central part of grains to Alm 72 Sps 0.8 Prp 13 Grs 11 in the rim. Composition of amphibole slightly differs in the cores (X Mg = 0.40) from the rims (X Mg = 0.37). Plagioclase with normal zoning from this sample corresponds to andesine (An 35 ).
Sample
Metamorphic conditions estimated from amphibolites indicate an evolution similar to that of mica schists. Results of Thermocalc calculations for amphibolite H0478B correspond to T = 587 ± 109 °C and P = 6.2 kbar for the mineral cores, slightly higher conditions 683 ± 97 °C and 6.7 ± 2.4 kbar were calculated for the rims. Using Thermocalc, the sample H0357 yielded temperatures of 575 and 578 °C at pressures of 6.2 and 6.4 kbar for the marginal parts of measured mineral grains. Garnet-amphibole thermometer (Ravna 2000) gave T = 617 and 514 °C (Tab. 5). Both temperatures correspond to the marginal parts of the mineral grains.
The contrast between P-T conditions estimated from central and marginal parts of the grains as well as (although indistinctive) zoning in Prp and Sps components across the garnet grains provide an evidence for prograde metamorphism (Tab. 3, Figs. 9b, 10) .
Dating
unegt uul Crystalline Complex
Two grains of slightly cloudy zircon, with rectangular shape (c. 80 × 160 µm), have been recovered from leucogranite H0057. The grain zr1 is characterized by a sector zoning with only relict oscillatory banding (Fig. 11a) , while in zr2 the fine oscillatory zoning, with darker core and lighter mantle, is well preserved. Four LA-ICP-MS spots on each grain give contrasting results (Tabs 6, 9); zr1 analyses define an upper intercept of 329 ± 33 Ma, which is consistent with the concordia age of 337 ± 6 Ma (Early Carboniferous) from two concordant spots. In contrast all analyses from zr2 yield a concordia age of 518 ± 5 Ma (Early Cambrian). The contrasting ages are difficult to interpret given the small number of analyzed grains and that the leucogranite shows no clear signs of a metamorphic overprint. The age of c. 518 Ma most likely dates the time of zr2 crystallization, which could be related to the leucogranite formation. The meaning of the c. 337 Ma age remains, however, unclear.
Chandman Khayrkhan Crystalline Complex
These metamorphic rocks have not been successfully dated in the frame of the project, the data obtained from this part of the studied area come from granitoid rocks of the Chandman Massif only. The monazite from granite was dated using the CHIME technique. Only one monazite grain could be measured and thus it is essential to consider the credibility of such an individual measurement. The measured monazite was yellowish short prismatic with length of 80-120 µm. No metamictization effects have been observable under CL. The data obtained point to an age of 332 ± 29 Ma (MSWD = 0.20), which corresponds to Late Carboniferous. The LA-ICP-MS U-Pb dating of zircons from the Chandman granite yields concordia age of 345 ± 2 Ma (2σ) (Tabs 7, 9; Fig. 11b ). Together with 6 discordant analyses they define a discordia with intercepts at 354 ± 26 and 154 ± 160 Ma or with an upper intercept of Tab. 5 Results of P-T calculations using garnet-amphibole thermometer according to Ravna (2000) sample unit mineral position #Fe 346 ± 12 Ma when forced through zero. The age of 345 ± 2 Ma (Early Carboniferous) is therefore interpreted as the best estimate for the time of granite crystallization.
Khan Khayrkhan Crystalline Complex
Zircons from the sample R0237 (leucocratic orthogneiss) are clear to cloudy, yellowish, and short to long prismatic with aspect ratios of 1:1 to 3:1 and length of 150-350 µm (Fig. 11c) . Twenty-six U-Pb spot analyses were carried out on 24 grains. The U contents range from 100 to c. 2000 ppm, while the Th/U ratios vary only from 0.40 to 1.00. Cracks are abundant in most grains. Oscillatory zoning predominates in the CL images. It is well-defined in the outer domains while the inner parts of various grains are characterized by chaotic zoning, an almost uniform grey luminescence, or a combination of both. This is consistent with multiphase zircon growth, in which the earlier zoning was variously obliterated due to a later crystallization event. The latter was dated by 24 spots, which define a discordia with intercepts at 362 ± 17 Ma and around zero. Only 10 of the spots yield concordant results with a concordia age of 363 ± 3 Ma (Tabs 8-9). The high percentage of discordant analyses relates to Pb-loss due to radiation damage. This is supported by a clear correlation between the degree of discordance and the U content (r 2 = 0.60). Two spots yielded older, apparently concordant U-Pb ages of around 529 and 591 
Discussion
metamorphic development
The Altay orogen as a part of Central Asian Orogenic Belt extends from Russia and East Kazakhstan in the west, through Northern China to south-eastern Mongolia in the east. It is composed of Proterozoic to Palaeozoic volcanosedimentary rocks accreted between the Siberian and Tarim continental blocks. The metamorphic rocks in the Mongolian Altay, known only from the Tseel Terrane (Badarch et al. 2002) , amalgamated to the SW rim of the Gobi Altay Terrane (see Introduction to this Volume) and the Neoproterozoic metamorphic complex consisting of amphibolite-to granulite-facies metasedimentary and meta-igneous rocks thrusted over the ophiolite in Dariv Range (Dijkstra et al. 2006) . In the easternmost Mongolian Altay, three newly described MP-MT metamorphic units -Unegt Uul, Khan Khayrkhan and Chandman Khayrkhan crystalline complexes were tectonically incorporated into geological structures of the Palaeozoic volcanosedimentary complexes of the Gobi-Altay Terrane along its northern margin.
Apparently, despite their close spatial association contrasting metamorphic conditions and geochronological data reveal that the evolution of the three studied crystalline units exhibits distinct features.
The leucogranites and orthogneisses of Unegt Uul Crystalline Complex are exposed in a tectonic mélange along the Cenozoic Bogd fault, with dominating strikeslip component of shearing. There were observed no geological relations with adjacent Palaeozoic rocks. Nevertheless, despite the fact that the granite dating detected two contrasting ages, the studied zircons show no signs of polyphase development or of metamorphic overprint. The leucogranite formation took place at 518 ± 5 Ma, which indicates pre-Variscan evolution and corresponds well with ages of Cambrian granites in the Lake Zone Terrane (Hanžl and Aichler eds. 2007 ). Significance of the measured ages of c. 377 Ma remains unclear.
Mineral association in metamorphic rocks of the UUC points to a simple MP-MT event. The P-T conditions in mica schist were estimated to c. 640-660 °C and 6-6.7 kbar. The metamorphic conditions estimated from amphibolitic rocks correspond to average temperatures of c. 610-760 °C and pressures of 6.2-7.5 kbar.
The exposures of the Chandman Khayrkhan Crystalline Complex are spatially related to the Chandman granite Massif, intrusion of which has been dated at 345 ± 2 Ma. Although the metamorphic evolution preceding this granite intrusion remains unconstrained, the character of metamorphism (strong migmatitization), together with the geochemical signature of the granitic plutons themselves points to an evolution within the continental crust realm.
The rocks of Khan Khayrkhan Crystalline Complex are systematically exposed in tectonic slices between the unmetamorphosed Lower Carboniferous flysh in the SW and weakly metamorphosed Lower Palaeozoic volcanosedimentary complex in the N. The peak metamorphic assemblage was Bt + Ms + Grt ± St ± Ky and the calculated conditions correspond to temperatures of c. 560-650 °C and pressures of 7.2-7.4 kbar for the central parts and c. 630-660 °C and 7.5-7.9 kbar for marginal parts of mineral grains in mica schists. Temperatures of c. 580 °C and pressures of 6.2 kbar for the central parts The spatial and temporal relations suggest the contemporary evolution of the Chandman Khayrkhan and Khan Khayrkhan crystalline units in Late Palaeozoic. However, their position in the frame of orogenic belt was different. The intrusion of the protolith to the Khan Khayrkhan orthogneisses was probably related to an earlier phase of Variscan metamorphism in a volcanic-arc environment. The emplacement of the Chandman Massif followed the peak of Variscan metamorphism in the frame of accretion (collision) of an evolved volcanic arc or a microcontinent.
Both units were accreted together with the Palaeozoic sequences between the Lake Zone Terrane in the N and Tseel Terrane in the S. The more precise interpretation is hampered by Cenozoic imbrication in restraining bends evolved in the Northern Gobi-Altay fault zone.
Noticeable is the temporal (and partly lithologic) analogy with the Tseel Terrane (see Introduction to this Volume). The Tseel Terrane is a complex of Early Devonian volcanic-arc rocks with zircon age of c. 400 Ma that were subsequently metamorphosed to amphibolite-facies migmatitic amphibolites and gneisses ). The zircon age from gneisses corresponds to 360.5 ± 1.1 Ma and the Tseel Terrane is interpreted as the root of an arc system ).
The Unegt Uul Crystalline Complex has a lithologic character as well as a metamorphic and structural evolution completely different from the remaining two units. Geochemical characteristics with geochronological data resemble closely the Burdnii Gol Massif (Hanžl et al. 2007) , which belongs to the Lake Zone Terrane. Consequently, the Unegt Uul Crystalline Complex may also show a genetic link to the Lake Zone Terrane and be independent of the Gobi-Altay Terrain. Instead it may represent a rock slice incorporated into the Gobi-Altay Zone tectonically along the Bogd fault.
Conclusions
Metamorphic domains exposed in tectonic slices among the Palaeozoic volcanosedimentary sequences were newly described in the Gichigeney Nuruu Mountains (eastern Mongolian Altay) and Unegt Uul range (western Gobi Altay). The area is situated along the northern margin of the Gobi Altay Terrane, close to boundary with the Lake Zone Terrane. Unegt Uul, Chandman Khayrkhan and Khan Khayrkhan crystalline complexes were defined on the basis of distinct geological position, lithology, metamorphic conditions and age.
Unegt Uul Crystalline Complex represents a tectonic mélange closely associated with the Bogd Fault system. The Complex consists of prevailing granites to leucogranites with mica schists representing the roof pendants of the granitic intrusions and tectonically assembled fragments of basic rocks. The metamorphic conditions estimated for the amphibolites correspond to c. 610 °C and 6 kbar in the cores and c. 650-760 °C and 6-7 kbar in the marginal parts of the mineral grains. Mica schists yielded T = c. 640-660 °C and P = 6.0-6.7 kbar.
Chandman Khayrkhan Crystalline Complex is a metamorphic unit markedly affected by the Chandman granite intrusion. It is represented by orthogneisses and migmatites with lenses of amphibolite and sporadic calc-silicate bodies. The metamorphic development featured a HT event with subsequent retrogression under amphibolite-facies conditions perceptible from the mineral association of the calc-silicate rocks. The monotonous mineral assemblages of the rocks hamper any more specific determination of the P-T metamorphic conditions.
Khan Khayrkhan Crystalline Complex is a narrow tectonic slice sandwiched in between the Lower and Upper Palaeozoic sedimentary sequences represented by orthogneisses with lenses and layers of amphibolites, mica schists, paragneisses and recrystallized limestones. The P-T conditions correspond to c. 560-650 °C and 6.2-7.4 kbar for the central parts and c. 630-680 °C, 6.4-8 kbar for marginal parts of mineral grains.
Laser ablation ICP-MS U-Pb dating suggests a formation of the UUC leucogranites at c. 518 Ma. Intrusion of granitic protolith to the KKC orthogneiss took place at 363 ± 3 Ma, while inherited zircon cores point to earlier zircon crystallization events at c. 529 and 591 Ma. The rocks of CHC remain undated, the only time information having been provided by dating of the Chandman Massif granites themselves (345 ± 2 Ma). These data confirm the Variscan tectonometamorphic activity inside the Gobi-Altay and Lake Zone terranes in the Southern Domain of Mongolia.
Electronic supplementary material. The Tabs 1-2, as well as GPS coordinates of the studied samples, are available online at the Journal web site (http://dx.doi.org/10.3190/ jgeosci.027).
